Introduction
Vitamin D has attracted considerable clinical and academic interest over the last two decades.
Regional studies and hospital case series in the United Kingdom (UK), United States (US), and Australia have suggested an increase in numbers of children presenting with symptomatic complications of vitamin D deficiency (rickets and hypocalcaemia). [1] [2] [3] Furthermore, a large body of observational research has stimulated debate regarding the postulated role of vitamin D in modifying the risk of developing various diseases beyond its established function in bone metabolism and calcium homeostasis. 4 As vitamin D has attracted increasing attention, hospitals in Australia and the UK have reported a surge in test requests. 5, 6 Primary care spending on vitamin D prescriptions in England increased from £28 million to £92 million between 2004-2014. 7, 8 Given the high prevalence of biochemical vitamin D deficiency in the general population, and uncertainty that treatment of asymptomatic individuals leads to improved health outcomes, some authors have questioned whether the large growth in testing may result in unnecessary health care costs and potential over-diagnosis. 4, 5, 9 However, there has not been any empirical investigation of rates of diagnosis of vitamin D deficiency in clinical practice, and trends in testing and treatment have not been examined in children specifically. Using a large, population-based cohort of children in England, we determined longitudinal trends in rates of vitamin D deficiency diagnosis over the past 15 years, and explored differences by sociodemographic characteristics.
Methods

Data Source
We conducted a dynamic (open) cohort study using The Health Improvement Network (THIN) primary care database, which contains anonymised electronic health records of >11 million patients from 639 UK general practices. The THIN cohort is broadly representative of the UK population in terms of age, sex, prevalence of medical conditions, and mortality rates. 10 shortly after patient registration can represent historical information transferred from medical records rather than incident events. 14 We observed greater recording of vitamin D deficiency diagnosis in the first 3 months after registration, therefore we excluded this period from observation for children aged ≥1 year at registration. The AMR and ACU criteria identify periods of incomplete use of computerised systems in primary care (e.g. following transition from paper records), and are described elsewhere. 12, 13 Exit from the observation period for each individual was the earliest of the date they transferred to a different practice, the date the practice stopped contributing data to THIN, the mid-point of their 18 th year after birth, the developed using published guidelines. 15 GPs do not always record diagnoses using Read codes, instead entering data as free text which is not routinely accessible. 16 Using Read codes alone to identify cases can result in case under-ascertainment, therefore we also included prescription and test records in the case definition.
In order to capture prescriptions of colecalciferol or ergocalciferol issued for the treatment of established deficiency, as opposed to prophylactic supplementation or maintenance therapy, we used the following dose thresholds: (1) ≥1500 units/day if age <6 months; (2) ≥3000 units/day if age 6 months to 12 years; (3) ≥5000 units/day if age >12 years; (4) one-off (stoss) dose of ≥100 000 units at any age. These thresholds are higher than doses recommended for prophylaxis of between 400-1000 units/day, 17 and represent half of the British National Formulary for Children treatment doses (≥3000 units/day if age 1-6 months, ≥6000 units/day if age 6 months to 12 years, and ≥10 000 units/day if age >12 years). 18 A range of alternative dosage thresholds were explored using sensitivity analyses. The threshold of <25 nmol/L for 25-OH-D tests represents deficiency in UK guidance. 17, 19 Sensitivity analysis was performed additionally including ICD-10 codes for vitamin D deficiency and rickets from HES inpatient records in the case definition. This analysis was limited to follow-up to 31 st December 2011.
Covariates
Socioeconomic position (SEP) was measured using the 2004 Index of Multiple Deprivation (IMD), an area-level indicator available in national quintiles. 20 Recording of ethnicity in primary care databases is incomplete, but can be augmented by linkage with HES data. 21 Ethnicity was grouped into the 2001 UK Census 5-category classification (white, mixed, Asian, black, or other). As consistency of ethnicity recording is greater in primary care data than HES, ethnicity was assigned from THIN where available, and supplemented with HES data. 21 For individuals with multiple ethnicity categories recorded (0.3% of the cohort), the most frequently recorded category was used.
For children with missing ethnicity, maternal ethnicity was taken as a proxy measure for the child if available. Child-mother linkage was performed using similar methods to previous THIN studies. 22, 23 Children were linked to women sharing identical household identifiers with a pregnancy or delivery record where the expected or recorded date of delivery was in proximity to the child's month of birth. Linked mothers were excluded if children matched to several women (0.3% of linked children), or >20 people shared the same household identifier (likely to represent a block of flats).
Statistical Analysis
Crude Interactions between explanatory variables were examined, and interaction terms retained in the final model if their inclusion resulted in both a qualitative change in parameter rate ratios and a significant likelihood ratio test (p<0.05). The multivariable model was run with and without inclusion of the general practice as a random effect to account for data clustering.
Missing data for ethnicity and IMD was handled using complete cases in the main analysis, and using multivariable multiple imputation for sensitivity analysis. 24 The imputation model 
Results
The study cohort contained 711 788 children from 156 practices, of whom 2918 were diagnosed with vitamin D deficiency between 2000-2014. Median observation time was 3.9 years (interquartile range 1.5-8.0). Descriptive characteristics are shown in Table 1 .
Analysis of time trends showed a marked increase in diagnosis of vitamin D deficiency after 2007 ( Figure 1 , and Supplemental Table 3 ). The crude incidence rate increased from 3.14 per (Table 2 ).
Supplemental Figure 2 shows the overlap between cases identified from diagnosis codes, prescription records, and 25-OH-D test records. Results did not differ substantially in sensitivity analyses using alternative dosage thresholds for calciferol prescriptions (Supplemental Figure 3) , or addition of ICD-10 diagnosis codes from HES inpatient records (Supplemental Figure 4) , in the case definition.
In multivariable analysis older age, non-white ethnicity, and socioeconomic deprivation were associated with higher rates of vitamin D deficiency diagnosis (Table 2 ). There was an interaction between sex and age; among children aged ≥10 years diagnosis rates were higher in girls, whilst among children aged <5 years they were higher in boys (Supplemental Figure   5 ). No sex difference was seen in children aged 5-9 years. Although the magnitude of the effects of ethnicity and SEP were attenuated after accounting for clustering by practice, they remained strongly associated with the outcome (Table 2 ). There was a moderate proportion of missing data for ethnicity (12.7%) and IMD (8.3%). The results of analyses using multiple imputation were very similar to the main analyses using complete cases (Supplemental Table   4 ).
Discussion
In this large representative cohort of English children, there was a 15-fold increase in the diagnosis of vitamin D deficiency between 2008-2013, after which rates plateaued. Sociodemographic factors independently associated with higher rates of diagnosis included nonwhite ethnicity, socioeconomic deprivation, older age, female sex in children aged ≥10 years, and male sex in children aged <5 years.
Comparison with Other Studies
To the best of our knowledge, this is the first study to report national estimates for overall rates of diagnosis of vitamin D deficiency in clinical practice, in the UK or internationally.
However, a number of studies have investigated the incidence of clinical complications of vitamin D deficiency in children. The annual incidence of symptomatic vitamin D deficiency presenting to paediatricians was reported to be 7.5 per 100 000 children aged 0-5 years in the West Midlands region of England, and between 2.2 to 2.9 per 100,000 children in New Zealand, 25 Denmark, 26 and Canada. 27 The annual incidence of hypocalcaemic seizures secondary to vitamin D deficiency was 3.49 per million children age 0-15 years in the UK. 28 Vitamin D deficiency was diagnosed considerably more frequently in Asian and black compared to white children, which was expected given that they have lower vitamin D levels and higher risk of symptomatic deficiency. [28] [29] [30] Diagnosis was also more frequent in children from deprived backgrounds. Low SEP is associated with suboptimal vitamin D status in children independent of ethnicity, and with reduced use of vitamin D supplements. [31] [32] [33] The magnitude of the effects of ethnicity and SEP were attenuated after accounting for clustering by practice. One explanation for this observation is that the socio-demographic characteristics of a practice population may have contextual effects on clinicians' diagnostic behaviour, separate from the influence of individual patients' characteristics. GPs working in practices with more deprived and ethnically diverse populations may be more likely to test for vitamin D deficiency even in low-risk patients, because of increased awareness of the condition.
Possible explanations for greater diagnosis in older compared to younger children may include more frequent presentation to healthcare services with chronic pain or other medically unexplained symptoms, 34, 35 and higher thresholds for requesting vitamin D tests in younger children in primary care due to the practical challenges of phlebotomy. Among older children, factors contributing to higher diagnosis rates in girls compared to boys may include higher overall primary care consultation rates, 36 and the influence of cultural dress in some communities.
Strengths and Limitations
Study strengths include the large sample size, and use of a prospectively collected database of healthcare records representative of real life clinical practice. As the THIN cohort has a similar age and sex distribution to the general population, our results should be broadly generalisable to England as a whole. However, it is somewhat over-representative of individuals from more affluent areas, 10 therefore the observed diagnosis rates may underestimate true national rates to an extent. 
Clinical Implications
Given the magnitude of the increase in diagnosis of vitamin D deficiency over a short period of time, it is very unlikely to be explained by changes in population vitamin D levels, 
